Muraglitazar, a PPARa/g dual agonist, was dosed orally to rats once daily for 13 weeks to evaluate urinary and urothelial changes of potential relevance to urinary bladder tumorigenesis. Groups of 17 young or aged rats per sex were fed a normal or 1% NH 4 Clsupplemented diet and were dosed with 0, 1, or 50 mg/kg muraglitazar. Lithogenic ions and sediment were profiled from freshly voided urine samples collected 24 h after dosing, and drug exposures were measured. Urinary citrate, oxalate, and epidermal growth factor (EGF) were assayed from 18-h urine collections. Urothelium was assessed by light microscopy, scanning electron microscopy, and BrdU and TUNEL immunohistochemistry. When fed a normal diet, urine pH was higher in males (above 6.5). Urine volume/body weight was greater in females. Urine soluble/total calcium and magnesium and phosphorus/creatinine ratios were lower in male rats fed a normal diet. Urine citrate levels were decreased and oxalate was increased in young male rats treated with 50 mg/kg muraglitazar compared to age/sex/diet-matched controls. No changes in urine sediment were detected 24 h after dosing. In young male rats treated with 50 mg/kg on normal diet, multifocal urothelial necrosis and proliferation were observed, whereas urothelial apoptosis and urine EGF levels were unchanged compared to age/sex/diet-matched controls. Urothelial necrosis and proliferation were not correlated to systemic or urinary drug exposures and were prevented by dietary acidification. These data suggest that muraglitazar-associated changes in urine composition predispose to urothelial cytotoxicity and proliferation in the urinary bladder of young male rats and that urine sediment must be profiled at multiple daily timepoints to fully qualify drug-induced changes in urine composition.
Peroxisome proliferator-activated receptors (PPARs) are critical ligand-activated nuclear receptors involved in the regulation of lipid metabolism and insulin sensitivity (YkiJarvinen, 2004) . Three distinct receptor types belonging to this family have been identified: alpha (a), gamma (c), and delta (d)-also called beta. PPARa agonists, including gemfibrozil and fenofibrate, have been developed for the treatment of dyslipidemias, and the PPARc agonists rosiglitazone and pioglitazone are marketed for the treatment of type II diabetes (Campia et al., 2006; Giraldi et al., 2006) . Both lipid and glucose lowering are critical components of diabetes treatment, as over half of diabetics already have some evidence of cardiovascular disease (Cox, 2005) .
Muraglitazar is a nonthiazolidinedione dual PPAR (a/c) agonist (Cox, 2005; Harrity et al., 2006) that combines the insulin sensitizing and glucose lowering effects of PPARc agonism with the antidyslipidemic effects of PPARa agonism. Although no longer in clinical development, muraglitazar demonstrated improved lipid and glucose profiles in diabetics in phase 3 clinical trials (Cox, 2005) .
Increased incidences of several tumor types, including urothelial tumors of the rat urinary bladder, have been observed in rodent carcinogenicity studies with several PPARc or dual agonists (Cohen, 2005) . Urinary bladder tumors (with a male rat predisposition) have previously been described with a host of chemicals including saccharin and various sodium salts when administered at high doses (Cohen, 1995a) . With sodium saccharin, the rat appears to be the only sensitive speciesmice, hamsters, guinea pigs, and monkeys fail to demonstrate evidence of a proliferative response (Cohen, 1995a) . Additionally, there is considerable experimental evidence supporting urolithiasis as the mode of urinary bladder tumorigenesis in rodents treated with a wide variety of other agents including melamine (Melnick et al., 1984) , uracil (Fukushima et al., 1992) , silicates (Emerick et al., 1963) , certain sulfonamides (Jackson et al., 1979) , and carbonic anhydrase inhibitors (Jackson et al., 1979) . The common mode appears to be urinary solid-induced mucosal injury, consequent regenerative hyperplasia, and eventual tumor formation.
There are several factors reportedly impacting the sensitivity of rats, particularly male rats, to urolithiasis and resultant urinary bladder tumorigenesis. First, the urine of rats is hyperosmolar and contains considerably higher amounts of calcium, magnesium, and phosphates than are present in mouse urine (Cohen, 1995b) . In addition, the earlier onset and greater severity of spontaneous nephropathy in male compared to female rats may be predisposing to urolithiasis. Moreover, male rat urine contains high levels of a2u-globulin, a lowmolecular weight protein that may act as a nucleus for crystal formation (Cohen, 2005; Hard, 1995) . Expression of a2u-globulin has been shown to be highest in young male rats, suggesting that they might be most susceptible to certain agents causing crysalluria (Roy et al., 1983) .
Other key factors that influence the rate of urinary crystal formation are the concentrations of urinary citrate and oxalate as well as urinary pH (Milliner et al., 2001; Schwille et al., 1992) . Citrate acts as the primary chelator of urinary calcium, inhibiting urolithiasis, while oxalate promotes the formation of calcium oxalate crystals in urine. It has been demonstrated that the critical threshold pH in rats is 6.5, above which calciumand magnesium-containing crystal formation readily occurs (Cohen, 1999 (Cohen, , 2005 . Mildly decreasing urinary pH below 6.5 by dietary acidification inhibits both the formation of urinary solids and urothelial proliferation caused by the administration of sodium saccharin in male rats (Cohen et al., 1995) .
Urinary epidermal growth factor (EGF) has also been recognized as a potential stimulus for urothelial proliferation and has been identified at relatively high concentrations in the (n ¼ 8-12) and immediately assessed with a pH meter and microelectrode. Male rats on normal diet consistently had urinary pH above the critical solid-forming threshold of 6.5 (A, B). Female rats on normal diet had mean urine pH values generally near 6.5 with several animals having urine pH below this threshold value (C-D). Administration of acidified diet lowered urinary pH below the 6.5 threshold for both male and female rats. Data are presented as means ± SD. Multiple means were compared within each sex per age per collection period using Tukey's test. p < 0.05 was considered a statistically significant difference between mean values. Bars without common letters are significantly different from each other.
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urine (Momose et al., 1991) . In addition, EGF has been shown to inhibit PPARc-mediated terminal differentiation in normal urothelial cells (Varley et al., 2004) by impeding translocation of PPARc into the nucleus and preventing transcriptional changes in target genes (Camp and Tafuri, 1997) .
Based on the demonstration of a dose-related increased incidence of urinary bladder tumors in male rats following lifetime treatment with 5-50 mg/kg/day muraglitazar (Simutis et al., 2006) , the current study was designed to test the hypothesis that the male rat specificity of the tumorigenic response was a consequence of urothelial cytotoxicity secondary to age-and gender-specific increases in urinary solids.
MATERIALS AND METHODS

Chemicals and Reagents
Muraglitazar was synthesized by Bristol-Myers Squibb Pharmaceutical Development and analyzed for identity and purity by the Bristol-Myers Squibb Department of Analytical Research and Development (New Brunswick, NJ). Purity of the batch of bulk muraglitazar used in the present study was 99.96%. Muraglitazar dosing formulations (low and high concentrations) were analyzed for stability over 22 days of study storage conditions (refrigerated). Dose formulations (all concentrations) prepared for use at the beginning (week 1 of treatment), middle (week 7 of treatment), and end of the study (week 12 of treatment) were analyzed for muraglitazar content and determined to be acceptable (within 10% of target). Polyethylene glycol 400 (PEG 400), citric acid, sodium azide, and sodium hydroxide (5 N) were purchased from VWR International (West Chester, PA). BrdU was purchased from Sigma-Aldrich (St Louis, MO). Anti-BrdU primary antibody was purchased from Chemicon International (Temecula, CA). Horse anti-mouse secondary was purchased from Vector Laboratories (Burlingame, CA). TUNEL labeling kit (TACS 2 TdT In Situ Apoptosis Detection kit) was purchased from Trevigen Incorporated (Gaithersburg, MD).
Animal Selection and Husbandry
Twelve groups of 17 male and female Harlan Hsd:Sprague Dawley SD rats per group were selected for this study. Six groups comprised young animals (approximately 10-11 weeks old at the start of dosing) and six groups comprised aged animals (approximately 10-13 months old at the start of dosing) ( Table 1 ). All animals were individually housed in stainless steel wire-bottom caging in an environmentally controlled room maintained on a 12-h light/dark cycle with a targeted humidity range of 30-70% and a targeted temperature range of 64-79°F. Three groups of young and three groups of aged animals were provided HSD/Teklad Certified Global Diet #8728C ad libitum. The remaining animals were provided HSD/Teklad Certified Diet #3028C (8728C supplemented with 1% ammonium chloride) ad libitum to lower urinary pH. One group each of young and aged male and female animals receiving each diet were dosed with 0, 1, or 50 mg/kg/day muraglitazar in 96% PEG 400 (wt/wt) and 4% 1M NaOH (wt/wt) at a dose volume of 5 ml/kg body weight by oral gavage (Table 1) . Doses of 1 and 50 mg/kg/day were previously shown to be nontumorigenic and tumorigenic doses, respectively (Simutis et al., 2006) . All animals were given purified and chlorinated tap water, using an automated watering system, ad libitum. This study was conducted in full compliance with U.S. Food and Drug Administration, Good Laboratory Practice regulations, and in accordance with the Guide for the Care and Use of Laboratory Animals.
Collection and Analysis of Fresh-Void and 18-h Chilled Urines
Freshly voided urine was collected from 12 male and female animals per group during weeks 4 and 12 of the treatment period. After 4 and 12 weeks of treatment, urine volume, pH, creatinine, calcium (soluble), total calcium (acidified), phosphorus, and magnesium levels were determined in these samples using a Roche Hitachi 912 Chemistry Analyzer. Urine was also collected during weeks 5 and 13 into tubes containing 100 ll of 1% sodium azide from 12 animals per sex per group in metabolism cages over an 18-h period (chilled), following 48 h of acclimation to the cages for analysis of volume, citrate, oxalate, creatinine, and EGF. Rats had food and water available at all times during periods of urine collection. An approximate 0.5 ml sample of urine was diluted (1:20) in 0.1M sodium phosphate buffer with 1% albumin for ELISA analysis of EGF levels by the laboratory of Dr Ebba Nex/ (Aarhus University Hospital, Aarhus, Denmark) as described previously (Jorgensen et al., 1996a,b) . Citrate was assayed using a Roche Hitachi 912 Chemistry Analyzer and the R-BIOPHARM Enzymatic Bio Analysis/Food Analysis/ Citric Acid kit from Boehringer Mannheim (Roche Molecular Systems, Alameda, CA), as the change in optical density over 5 min at a wavelength of 340 nm. Oxalate was measured spectrally on a Hitachi 917 (Roche Diagnostic Systems, Alameda, CA) using the Trinity biotech oxalate assay kit (Trinity biotech,Co Wicklow, Ireland), as the change in optical density over 10 min at a wavelength of 590 nm.
Urine Sediment Analysis
Fifty to 100 ll of well-mixed (freshly voided) urine collected pretest and prior to dosing ( 24 h after dose) during weeks 4 and 12 of treatment was pipetted into a 1.5-ml microcentrifuge tube and centrifuged at 4000-5000 3 g for 10 min. Approximately, 80% of the supernatant was removed, and the pelleted material was resuspended and pipetted onto a 0.22-lm Millipore filter on a vacuum apparatus. The vacuum drew the liquid through the filter leaving urinary solids on the filter surface. The filter was then placed on a labeled aluminum stub and stored in a covered container until coated with gold and analyzed by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy. The presence or absence of crystals, amorphous precipitate, calculi, and their composition were recorded.
Histopathology and DNA Synthesis
One hour prior to euthanasia, all rats were injected ip with 100 mg BrdU/kg body weight. All rats were euthanatized by ip injection of pentobarbital sodium (120 mg/kg body weight) and exsanguination. Prior to removal, the urinary bladder was inflated in situ with Bouin's fixative and after removal placed in the same fixative. The proximal duodenum (þ control) was also removed and fixed in Bouin's fixative. The urinary bladder was bisected, and one half of each bladder was placed in 70% ethanol and further processed for SEM. The remaining half of the urinary bladders was excised longitudinally into strips, maintaining the ventral to dorsal orientation, and embedded in paraffin, along with a cross-section of duodenum, stained with hematoxylin and eosin, and examined by light microscopy. Unstained slides of the bladder and duodenum were used for immunohistochemical detection of BrdU incorporation. Primary anti-BrdU antibody was used at a dilution of 1:200. The labeling index (%) was determined by counting the numbers of BrdU-labeled cells and dividing by the total number of urothelial cells counted 3 100. An average of 4500 cells were counted per bladder. Note. Data are presented as group mean ± SD. Statistically significant from age-and diet-matched control (*p < 0.05, **p < 0.01; Dunnett's test).
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Scanning Electron Microscopy
Bladder sections were dehydrated, critical point dried, and coated with gold prior to surface examination by SEM. Bladders were classified based on previously established criteria (Cohen et al., 1990) .
Apoptosis
Five animals per sex per group were used for terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) analysis. Animals were anesthetized and euthanatized, and the urinary bladder was removed as previously described. Urinary bladders were fixed in 10% neutral buffered formalin, and following fixation, transected in longitudinal strips maintaining ventral to dorsal orientation, embedded in paraffin, sectioned, and stained. The staining procedure was slightly modified from a previously reported method (Gavrieli et al., 1992) using the TACS 2 TdT-DAB detection kit. All TUNELstained slides were manually counted for the total number of urinary bladder urothelial cells and the total number of TUNEL-positive urinary bladder urothelial cells. Labeling index (%) was calculated by dividing the number of labeled cells by the total number of cells counted 3 100. An average of 3600 cells were counted per bladder.
Toxicokinetics and Urinary Drug Concentrations
Urines were collected (chilled) in metabolism cages over a 24-h period from the last six nonfasted animals per sex per group during week 11 of treatment for analysis of urinary muraglitazar levels. Collection tubes contained 800 mg of citric acid to prevent the potential hydrolysis of muraglitazar metabolites. Samples were stored frozen until processed and analyzed by LC/MS/MS using positive ion electrospray detection. 13 C 6 -muraglitazar was used as an internal standard (added to rat urine). Muraglitazar and the internal standard were extracted from a 0.05-ml aliquot of K 2 EDTA rat urine using an automated liquid/liquid extraction method. Samples were reconstituted with mobile phase for analysis. The method was validated for 20-5000 ng/ml in rat urine, and quality control samples of 60, 2000, and 4000 ng/ml were assayed in triplicate in each run.
Steady state area under the concentration-time curve (AUC) exposures for muraglitazar were determined from blood samples collected at 1, 4, 8, and 24 h after dose from the first four animals per sex per group following 10 weeks of treatment. Blood samples were collected from the tail vein in 0.5-ml Microtainer tubes (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ) containing K 2 EDTA. Plasma was obtained by centrifugation. Plasma obtained was processed within 1 h and stored frozen prior to analysis by LC/MS/MS using positive ion electrospray detection.
13
C 6 -Muraglitazar was used as an internal standard (added to rat plasma). Muraglitazar and the internal standard were extracted from a 0.025-ml aliquot of K 2 EDTA rat plasma using an automated liquid/liquid extraction method. Samples were reconstituted with mobile phase for analysis. The method was validated for 0.05-50 lg/ml in rat plasma, and quality control samples of 60, 2000, and 4000 ng/ml were assayed in triplicate in each run.
Statistical Analyses
Dunnett's test was used to confirm/rule-out apparent dose-related trends. Tukey's test was used to assess differences across multiple groups that did not appear to be dose related. Mean urinary citrate, oxalate, and EGF values and labeling indices from the TUNEL and BrdU assays were compared between dose groups and appropriate age-and diet-matched controls by Dunnett's test (Dunnett, 1955 (Dunnett, , 1964 . Mean systemic (plasma AUC) and urinary (concentration) exposure values, urinary soluble/total calcium ratios, urinary pH, urine volume/body weight ratios, and urinary magnesium and phosphorus excretion values were analyzed statistically using Tukey's test for multiple comparisons (Mason et al., 1989) . p Values < 0.05, resulting from group comparisons, were considered to be significantly different.
RESULTS
To evaluate potential effects of muraglitazar on urinary pH, freshly voided urines were collected at approximately 24 h after dosing from control and drug-treated animals during weeks 4 and 12 of treatment. No clear drug-related effects on urinary pH were noted. In general, male rats (Figs. 1A and 1B) had slightly higher urinary pH than female rats (Figs. 1C and  1D ) when receiving normal diet (invariably above 6.5). The highest mean urinary pH values were in both young male and   FIG. 3 . Soluble/total urinary calcium ratios in young rats. Urine soluble/ total calcium excretion ratios (A, B) were assessed in freshly voided urines collected 24 h after dose during weeks 4 and 12 of treatment. There were no clear muraglitazar-related changes 24 h after dose. In young male rats, soluble/ total calcium ratios (A) were considerably lower in animals on normal diet than in animals on acidified diet, a profile consistent with greater levels of urinary calcium solids in animals on normal diet. In female rats, there were no differences in soluble/total urinary calcium ratios between animals on normal and acidified diet (B). Data are presented as means ± SD (n ¼ 3-12). Multiple means were compared within each sex per collection period using Tukey's test. p < 0.05 was considered a statistically significant difference between mean values. Bars without common letters are significantly different from each other. 62 VAN VLEET ET AL. female rats on normal diet during week 12 of the dosing period. As expected, acidification of the diet with 1% ammonium chloride reduced mean urine pH values to less than 6 in both male and female animals across all acidified diet groups.
Muraglitazar treatment had no clear effect on urine volumes in male or female rats fed either a normal or acidified diet. However, mean urine volumes, normalized to animal body weights, were generally higher in control and muraglitazartreated females than in males during weeks 5 ( Figs. 2A and 2C ) and 13 (Figs. 2B and 2D ) of the treatment period. Although mild acidification of the diet had no effect on urinary volume in male rats, it appeared to slightly reduce urine volumes in females, especially during week 13 of the treatment period.
Urine soluble and total calcium levels were assayed from fresh-void urines collected approximately 24 h after dosing during weeks 4 and 12 of treatment as an indirect evaluation of the level of calcium-containing urinary sediment. Based on these endpoints, there was no apparent muraglitazar-related increase in the amount of calcium-containing urine solids 24 h after dosing. The urine total and soluble calcium/creatinine ratios for fresh-void urine were sporadically decreased in muraglitazar-treated female rats during weeks 4 and 12 of treatment (Table 2 ). This effect was generally restricted to animals receiving 50 mg/kg of muraglitazar but did not appear to be confined to any age or diet group except that aged male rats did not show this trend. There were no statistically significant differences in the urinary total or soluble calcium/ creatinine ratios for fresh-void urine in males (data not shown).
Interestingly, soluble/total urine calcium ratios were significantly different between young male and female rats on normal diet, as well as between young male rats on normal diet and young male rats on acidified diet (Fig. 3) . Young male rats on normal diet generally had ratios approximately half of those from male rats on acidified diet or females on either diet (Fig. 3A) . In contrast, diet had no effect on the ratio of soluble/ total calcium in female rats (Fig. 3B) . A similar pattern was observed in the soluble/total urine calcium ratios in aged male and female animals (data not shown). This profile suggests a greater percentage of urinary calcium was present in solid form in control and muraglitazar-treated male rats on normal diet.
Urinary magnesium and phosphorus were assayed in freshly voided urines collected during weeks 4 and 12 of treatment. Urinary magnesium levels were unaffected by drug treatment   FIG. 4 . Urinary magnesium and phosphorus. Urine soluble magnesium (A, B) and phosphorous (C, D) to creatinine levels were assessed in freshly voided urines collected during weeks 4 and 12 of the treatment period. There were no clear drug-related changes in magnesium/creatinine or phosphorous/creatinine ratios when urines were collected only at 24 h after dose. However, male rats on normal diet had lower levels of urinary magnesium than males on acidified diet (A). A similar pattern was not present in females (B). Male rats, and to a lesser extent female rats, on normal diet had lower urinary phosphorous/creatinine ratios compared to rats on acidified diet (C, D). Data are presented as means ± SD (n ¼ 3-12). Multiple means were compared within each sex per collection period using Tukey's test. p < 0.05 was considered a statistically significant difference between mean values. Bars without common letters are significantly different from each other.
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in any age/sex/diet-matched animals (Figs. 4A and 4B). However, young male animals on the acidified diet had slightly higher (approximately 140% greater) urinary magnesium than young male rats on normal diet (Fig. 4A ). In addition, young male rats on normal diet (Fig. 4A ) had approximately 70% of the urine magnesium levels of young female rats on normal diet (Fig. 4B ) during weeks 4 and 12 of treatment. No apparent dietrelated differences in magnesium levels were present in the urine of females (Fig. 4B) . A similar pattern was observed in urine magnesium levels from aged animals compared to that observed in young rats of the same sex (data not shown).
No clear muraglitazar-related effects on urinary phosphorus/ creatinine ratios were noted in urine of age/sex/diet-matched groups. Interestingly, when compared to animals on normal diet, urinary phosphorus levels appeared to be increased to some degree in all of the age-and sex-matched groups receiving acidified diet (Figs. 4C and 4D) with clearly significant differences in the young males on acidified diet compared to young males on normal diet. In young male rats, the difference in phosphorus levels (Fig. 4C ) was approximately three-fold during week 4 and 12 of treatment. No statistically significant differences were observed between any of the young female treatment and diet combinations. A similar pattern was seen in aged animals (data not shown).
Citrate and oxalate levels were assayed in urine samples collected during weeks 5 and 13 of treatment because of the role these anions play in the formation of urinary solids. Muraglitazar treatment decreased urinary citrate levels dosedependently in young and aged male rats and aged female rats on acidified diet (Figs. 5A , 5B, and 5D), whereas citrate was decreased only at 50 mg/kg in the same groups on normal diet. In young and aged 50 mg/kg male rats receiving normal diet, the decreases were statistically significant relative to controls during weeks 5 and/or 13 of treatment. There was a trend (not statistically significant) for reduced urinary citrate in aged females on normal diet at weeks 5 and 13, but not in young female rats on normal diet (Fig. 5C ). As expected, acidification of the urine further decreased urinary citrate levels due to increased proximal tubular uptake (Bushinsky et al., 2001 ), but, importantly, did not mask muraglitazar-related decreases in urinary citrate.
At weeks 5 and 13, there were generally increased mean urinary concentrations of oxalate in male and female rats dosed with 50 mg/kg/day muraglitazar when compared to age-and diet-matched controls (Figs. 6A-D) . The highest levels of urinary oxalate were observed at week 5 in young male rats on normal diet receiving 50 mg/kg/day muraglitazar (Fig. 6A) . In comparison, treated and control aged male rats on normal diet FIG. 5 . Muraglitazar-and diet-related changes in urinary citrate: Muraglitazar treatment dose-dependently decreased urinary citrate concentrations in young male rats and aged male and female rats on acidified diet, whereas citrate was decreased only at 50 mg/kg/day in the same groups on normal diet (A, B, D). Muraglitazar did not affect urinary citrate levels in young female rats (C). Acidification of the urine by dietary acidification further decreased urinary citrate. Data are presented graphically as the mean ± SD (n ¼ 9-12). *Indicates a significant difference from age-, sex-, and diet-matched controls as determined by Dunnett's test ( p < 0.05).
64 VAN VLEET ET AL. had generally lower levels of urinary oxalate as compared to treated and control young male rats (Figs. 6A and 6B) . Moreover, increases in urinary oxalate concentrations were generally somewhat higher in young male and female animals on normal diet than those on acidified diet (Figs. 6A and 6C) . In aged animals, dietary and consequent urinary acidification appeared to have little or no effect on urinary oxalate levels.
Urinary EGF levels were determined from samples of urines collected during weeks 5 and 13 of the treatment period because of the known proliferative effects of urinary EGF on the urinary bladder urothelium (Momose et al., 1991) . There were no clear muraglitazar-related effects on urinary EGF concentrations (Fig. 7) . The few statistically significant differences in EGF levels (Figs. 7A and 7B) were considered unrelated to treatment due to the absence of any group consistency in the direction of the response.
To examine drug-related urothelial changes, urinary bladders were assessed by light microscopy, SEM, and TUNEL and BrdU immunohistochemistry. Assessment of urinary bladders by light microscopy revealed minimal multifocal urothelial hyperplasia of the urinary bladder in two young males (of 12) receiving 50 mg/kg/day muraglitazar and two aged males (of 12) receiving 50 mg/kg/day muraglitazar and fed a normal diet. In comparison, evaluation of the urothelium by SEM revealed muraglitazar-related urothelial necrosis and hyperplasia in seven (of 12) young male rats given 50 mg/kg/day muraglitazar and fed a normal diet (Figs. 8B and 8C) . The close proximity of these lesions suggested that urothelial cytotoxicity (necrosis) preceded the urothelial hyperplasia (i.e., regenerative in nature) (Fig. 8C) . Additionally, superficial urothelial erosions and ulcers were evident by SEM in the urinary bladders from some of the young male rats given 50 mg/kg/day muraglitazar and fed a normal diet. In contrast, there were no muraglitazarrelated SEM findings in the urinary bladders from young male rats given 50 mg/kg/day muraglitazar and fed an acidified diet (Fig. 8D ) or in aged male rats given 50 mg/kg/day muraglitazar and fed either a normal or acidified diet (data not shown). Urinary bladders from 50 mg/kg young (Fig. 8D ) and aged male rats on acidified diet were indistinguishable from urinary bladders of untreated young (Fig. 8A) and aged male rats, respectively. Additionally, bladders from young females receiving 50 mg/kg/day muraglitazar and fed a normal diet were unaffected by muraglitazar treatment (Fig. 8E ). There were no muraglitazar-related lesions in the urinary bladders from young or aged, male or female rats receiving 1 mg/kg/day muraglitazar.
Urothelial proliferation was evaluated by nuclear BrdU labeling. After 13 weeks of treatment, statistically significant increases in the overall urothelial proliferative index (ventral and dorsal bladder indices combined) were observed in young FIG. 6 . Muraglitazar-and diet-related changes in urinary oxalate: Muraglitazar treatment resulted in increased urinary oxalate in male female rats given 50 mg/kg/day and fed normal or acidified diet (A-D). Dietary acidification had no effect on urinary oxalate levels of any group. Young male rats given 50 mg/kg/day muraglitazar (A) had the highest concentrations of oxalate of any group. Data are presented graphically as the mean ± SD (n ¼ 9-12). *Indicates a significant difference from age-, sex-, and diet-matched controls as determined by Dunnett's test ( p < 0.05).
male animals receiving 50 mg/kg/day muraglitazar and fed a normal diet (Table 3 ). The overall response in the five (of 10) 50 mg/kg young male rats demonstrating an increased proliferative index ranged from approximately 6-to 34-fold the mean overall BrdU labeling index of controls, and in two of these animals, correlated with the light microscopic finding of minimal, multifocal urothelial hyperplasia. In all affected animals, the proliferative response tended to be multifocal rather than diffuse in nature. The proliferative response in the ventral urinary bladder mucosa was similar to (one of five animals) or greater than (three of five animals) the response in the dorsal urinary bladder mucosa. Importantly, urinary acidification prevented the increase in urothelial proliferation in young male animals dosed with 50 mg/kg/day muraglitazar, but had no apparent effect on background rates of urothelial cell proliferation in untreated male and female animals (Table 3) .
There were lesser (approximately 23 and not statistically significant) increases in the overall urothelial proliferative index in the urinary bladder of aged male rats dosed with 50 mg/kg/day muraglitazar and fed a normal diet (Table 3) . In this group, the increase was attributable to proliferative responses primarily in the ventral bladder mucosa of 2 of 10 males. There was no significant change in urothelial proliferation in young or aged female animals dosed with 50 mg/kg/day muraglitazar (Table 3 ). In addition, age and diet had no apparent effect on the background rate of urothelial proliferation (Table 3) .
Urothelial apoptotic rates were determined in the urinary bladder by TUNEL immunohistochemistry. Muraglitazar treatment did not alter the rate of urothelial apoptosis. No significant differences were noted between groups dosed with 50 mg/kg/day muraglitazar and corresponding diet-and agematched male and female control groups (data not shown). Likewise, no differences were detected in the rate of apoptosis between animals receiving normal and acidified diets.
Plasma and urinary muraglitazar levels were measured to evaluate exposures across groups and examine any potential relationship between urothelial cytotoxicity and proliferation with urinary or systemic drug exposures. Muraglitazar plasma AUC values were generally similar across age, diet, and gender and increased approximately in proportion to dose (Figs. 9A-D) . Urine concentrations of muraglitazar were variable and were generally near or below the lower limit of detection (0.02 lg/ml) for the 1 mg/kg females (Figs. 10A-D) . However, muraglitazar urine concentrations increased with dose and were similar in rats fed either normal or acidified diet (Figs. 10A-D). Males generally had higher concentrations of muraglitazar in the urine than females (Figs. 10A-D) , and aged males had higher concentrations than young males (Figs. 10A  and 10C ).
Analysis of solids in freshly voided urine samples collected 24 h after dosing showed no clear drug-related changes (data not shown). The only notable finding was a marked reduction in urine solids in animals on acidified diet as compared to animals on normal diet.
DISCUSSION
In the present study, an indirect mechanism of muraglitazarinduced urothelial cytotoxicity and regenerative hyperplasia involving the formation of urinary solids is supported by the predisposition of young male rats to develop these changes in the presence of systemic drug exposures comparable to those observed in aged male rats and young and aged female rats. Although muraglitazar-related increases in urinary solids were not detected in this study, the distribution of the cytotoxic and proliferative responses in young male rats and the primarily ventral location of the minimal proliferative response in aged male rats were consistent with an etiology of urinary solids. Moreover, the ability to prevent the development of these lesions via mild urinary acidification was consistent with urinary solids as the inciting agent. And finally, when freshly voided urine samples were collected at multiple daily timepoints throughout the light and dark cycle in a time course study in rats, large increases in calcium-and magnesiumcontaining solids were detected in the urine of male Harlan rats given 50 mg/kg/day muraglitazar (Dominick et al., 2006) . FIG. 7 . Urinary EGF levels during weeks 5 and 13 of muraglitazar treatment. Urinary EGF levels were generally unchanged by muraglitazar treatment during weeks 5 (A) and 13 (B) of treatment. Additionally, there were no changes in urinary EGF levels with regard to age, sex, or diet. Data are presented graphically as the mean ± SD (n ¼ 9-12). *Indicates a significant difference from age-, sex-, and diet-matched controls as determined by Dunnett's test ( p < 0.05).
66 VAN VLEET ET AL. It is well known that male rats are particularly susceptible to the development of urinary bladder tumors secondary to urinary solids because of their generally alkaline and highly osmolar urine and due to high urinary concentrations of calcium, phosphorus, and protein (Cohen, 1999) . In the present study with muraglitazar, urine pH of rats fed a normal diet was generally higher in males than in females 24 h after dosing, suggesting that male Harlan rats may be more predisposed to urolithiasis than female Harlan rats. Interestingly, control and drug-treated female rats also produced more urine in relation to their body weights than males, a finding supported by the work of others (Schmidt et al., 2001 ). Therefore, increased urine volume per unit weight in females administered muraglitazar would be expected to account, in part, for the decreased susceptibility of females to urinary bladder tumors if the mode involved increased formation of urinary solids.
In rats fed an acidified diet, the higher levels of urinary phosphorus in males compared to females (Figs. 4C and 4D) suggests that male rats likely have a higher innate burden of urinary solids containing phosphorus than females. For example, when the urine of male rats is acidified (preventing solid formation) via dietary acidification, there is a dramatic increase in urinary phosphorus levels. Despite the increase in urinary phosphorus in animals on acidified diet, urinary solid formation is prevented because the proportion of divalent and trivalent forms of phosphate ions available for complexing with calcium and magnesium are markedly reduced (Brown and Purich, 1992) .
It is noteworthy that muraglitazar treatment reduced urinary citrate levels in this study since citrate is known to be the major chelating agent of calcium in urine and to be a powerful inhibitor of urinary crystal formation, growth, and aggregation (Brown et al., 1989; Hamm and Hering-Smith, 2002; Lieske and Coe, 1996; McLean et al., 1990; Pak, 1987; Trinchieri FIG. 8 . Representative SEM images of the urothelium of the rat urinary bladder following 3 months of dosing with 0 or 50 mg/kg/day muraglitazar (A-E) are shown. Intact surface of urinary bladder mucosa of control young male rat on normal diet (A). Locally extensive multifocal urothelial necrosis (indicated by arrows) (B) and adjacent urothelial hyperplasia (C) in 50 mg/kg young male rats on normal diet. Acidification of the urine prevented urothelial necrosis and associated hyperplasia in young males receiving 50 mg/kg/day muraglitazar (D). Absence of mucosal injury in young female rats on normal diet after 3 months of dosing at 50 mg/kg muraglitazar (E). Panels A and C-E are shown at 3203 magnification. Panel B is shown at 393 magnification. , 2006) . Even a mild reduction in urinary citrate excretion is associated with an increased potential for urinary stone formation in humans predisposed to nephrolithiasis (Hamm and Hering-Smith, 2002) .
SUBCHRONIC URINARY BLADDER EFFECTS OF MURAGLITAZAR
As previously reported, urinary acidification decreased urinary citrate levels in both control and muraglitazar-treated rats (Gordon, 1962; Simpson, 1983) , but is inconsequential to urinary solid formation as the lower urinary pH inhibits the formation of urinary solids. A mild decrease in urinary pH can result in a dramatic shift in the proportion of trivalent to divalent urine citrate, the preferred substrate for the sodium dicarboxylate cotransporter 1 (NaDC1) which is the predominant citrate transporter on the brush border membrane of the proximal tubules (Hering-Smith et al., 2000) .
The mechanism for PPAR-mediated reductions in urinary citrate may be related to alterations in citrate metabolism. For example, adipocyte differentiation (driven by PPARc) has been shown to induce the expression of aconitase (Mueller et al., 2002) , an enzyme which converts citrate to isocitrate (possibly depleting citrate levels). Additionally, PPARc agonists stimulate adipogenesis, which utilizes citrate as a substrate for fatty acid synthesis (Ball, 1966) . Alterations in citrate levels caused by this mechanism would likely occur in adipose tissue rather than directly in the urinary bladder. In agreement, decreases in serum citrate in rats have also been observed following muraglitazar treatment (Dominick et al., 2006) .
In the present study, young male rats (control and muraglitazar treated) had higher baseline levels of urinary oxalate than young female rats (Figs. 6A and 6C) . Interestingly, PPARa agonists have been shown to inhibit the expression of alanine/ glyoxalate aminotransferase, an enzyme critical in depleting glyoxalate (Genolet et al., 2005; Kersten et al., 2001) , the major substrate converted to oxalate by lactate dehydrogenase (LDH) and glycolate oxidase (GaO) in the liver (Poore et al., 1997) . It is also noteworthy that PPARa agonists have been shown to increase the activity of LDH and GaO, the major oxalateproducing enzymes in the liver (Sharma and Schwille, 1997) .
The urothelial cytotoxic and proliferative responses were observed in male rats (predominantly young males) receiving 50 mg/kg muraglitazar and fed a normal diet. However, the magnitude of these responses did not correlate with the level of muraglitazar exposure in the urine. This is evident from the observation that 50 mg/kg-dosed aged male rats on normal diet had the highest concentrations of muraglitazar in the urine (Figs. 10A-D) , whereas 50 mg/kg-dosed young male rats on normal diet had the highest levels of urothelial cytotoxicity and proliferation (Table 3) . Additionally, systemic drug exposures were similar between young and aged male and female rats, FIG. 10 . Urinary exposures to muraglitazar. Urinary muraglitazar concentrations were generally higher in male rats, particularly aged males. Rats were dosed with 1 (A, males; B, females) or 50 (C, males; D, females) mg/kg/day muraglitazar, and urines were collected following a daily dose during week 11 of the treatment period. Data are presented as means ± SD (n ¼ 4). Multiple means were compared within each sex per dose using Tukey's test. p < 0.05 was considered a statistically significant difference between mean values. Bars without common letters are significantly different from each other. < LLOQ ¼ less than lower limit of quantitation.
and there were no urothelial changes in the urinary bladder of 50 mg/kg-dosed animals on acidified diet in the presence of comparable systemic and urinary drug exposures. Because of age-dependent differences in urine composition, it is expected that there would be age-dependent differences in crystalluria and proliferative changes of the urothelium.
The assessment of urinary bladder mucosa by SEM strongly supported that the urothelial proliferative response was secondary to mucosal injury. That is, the urinary bladder mucosa of high-dose young male animals on normal diet contained areas of multifocal urothelial injury proximal to urothelial hyperplasia. A profile of urothelial necrosis and associated regenerative hyperplasia is consistent with an indirect, nongenotoxic mode of urinary bladder tumorigenesis (Cohen et al., 2001) . Importantly, when urinary pH was lowered by dietary acidification, there was no evidence of urothelial necrosis or proliferation by any endpoint as previously reported in cases involving calcium-containing urinary solids and resultant microabrasion of the urothelium (Chappel, 1992) .
Although data from this study support the urothelial cytotoxic and proliferative responses observed in male rats were due to alterations in urine composition, no clear increases in crystals were observed in freshly voided urines collected prior to dosing during weeks 5 and 13 of treatment in muraglitazar-treated rats. Considering the toxicokinetic profile of muraglitazar and the diurnal fluctuations in urine pH (Fisher et al., 1989) , this single point analysis of urine composition was clearly inadequate for the detection of potential drug-related changes in urinary solids. At the 24-h postdose timepoint in which urines were sampled during the present study, plasma levels of muraglitazar were lowest and the animals were entering a phase offasting and reduced activity, which results in decreased urinary pH and solids. Therefore, additional investigative studies were undertaken with multiple daily sampling periods during both the light and dark phase to optimize the potential for detecting drug-related changes in urinary solids. In those studies, the 50-mg/kg tumorigenic dose of muraglitazar resulted in a large increase in urinary calcium-and magnesium-containing solids (Dominick et al., 2006) .
The bulk of evidence from the present study suggests that muraglitazar-induced urinary bladder cytotoxicity and proliferation occur via an indirect mode of action, likely involving increased urinary solids. The male rat specificity of muraglitazarinduced urinary bladder effects was considered to be the result of a combination of the predisposition of male rats to urinary solid formation and the drug-related prolithogenic changes in urine. Importantly, this mode of action has been shown to be a true threshold phenomenon, and in many agents, it is a rodent-specific phenomenon without significant relevance to human carcinogenic risk (Elcock and Morgan, 1993) . Subsequent work by our laboratory fully characterizing the extent and types of urinary solid formation occurring in male rats treated with muraglitazar has provided more conclusive evidence of an indirect mode of urinary bladder tumor development in muraglitazar-treated male rats (Dominick et al., 2006) .
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